1. Introduction {#s0005}
===============

Language fMRI is frequently performed during the pre-operative evaluation of patients being considered for neurosurgery. The objective is to localise and lateralise language function and estimate the risk of post-surgical dysphasia, enabling patient specific counselling and potentially tailoring surgical procedures ([@bb0160], [@bb0295], [@bb0015], [@bb0430], [@bb0025], [@bb0090], [@bb0005]). At the clinical level, this objective is often expressed by the question, "which is the dominant hemisphere?"

It is increasingly recognised, however, that this question is ill posed. Implicit in the notion of the dominant hemisphere is the assumption that lateralisation is homogenous throughout different neuroanatomical components of the language system. It is now recognised that such homogeneity is generally not observed in the control brain ([@bb0235], [@bb0065]), with departures from such homogeneity even more pronounced in the setting of neurological disease. For instance, a number of studies -- both from our own group ([@bb0130], [@bb0120], [@bb0385], [@bb0175], [@bb0390]) and others ([@bb0380], [@bb0015], [@bb0430], [@bb0055], [@bb0245], [@bb0065], [@bb0300]) -- have shown considerable heterogeneity of language activation patterns in focal epilepsy, with a variety of departures from the typical left lateralised pattern. This includes an elevated incidence of right lateralisation and bilaterality (considered either globally or regionally), and cases in which anterior and posterior language regions are in opposite hemispheres ([@bb0260], [@bb0050], [@bb0335]).

Nonetheless, it is not uncommon in contemporary practice for groups to only consider lateralisation at the hemispheric level. For instance, a PubMed search using the expression "(((((language lateralisation) OR (language lateralisation) OR (language laterality))) AND epilepsy) AND (surgery OR neurosurgery))" yields 28 papers published since the beginning of 2015, in 12 of which language lateralisation was considered in the context of presurgical planning for epilepsy. Of these 12 papers, only one considered separate lateralisation indices for different regions of the language network.

In the present paper we compare the degree of language lateralisation observed in different brain areas as a function of different language tasks. Insofar as the objective of pre-surgical language fMRI is to localise language function in order to estimate post-surgical risk it is important to characterise (i) the variability of lateralisation across different brain areas in controls, (ii) whether this variability is increased in patients, and (iii) determine empirically whether particular regional lateralisation patterns in patients carry prognostic implications. This study addresses the first two of these points.

Studies of language lateralisation typically focus on perisylvian regions, such as Broca and Wernicke areas. In our clinical experience, some degree of lateralisation is also often apparent in subcortical (e.g. basal ganglia ([@bb0165], [@bb0105]) and cerebellar regions ([@bb0105], [@bb0305], [@bb0215], [@bb0310]). In the present work we therefore extend the consideration of regional lateralisation to encompass these non-cortical areas as well, to evaluate whether they might be suitable for consideration as prognostic markers. Our data confirm previous reports, showing non-uniformity of language lateralisation across the language system, and an elevated prevalence of anomalous lateralisation in focal epilepsy patients.

Our data highlight the importance of considering regional lateralisation patterns in the context of presurgical planning. In [Discussion](#s0075){ref-type="sec"} we consider some of the important challenges that will have to be addressed in translating from an awareness of the importance of regional lateralisation in the setting of focal resection to utilising such information to inform neurosurgical decision making.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

Thirty subjects participated, all of whom completed each of the three language paradigms described below. The 30 participants comprise twelve healthy controls (all right handed) and eighteen focal epilepsy patients (three left handed, three ambidextrous) studied as part of their assessment in the Comprehensive Epilepsy Program (CEP) at Austin Health. This includes eight patients with temporal lobe epilepsy (six left), three with lesions in the left parietal/parieto-temporal region, two with left frontal lesions, one with periventricular nodular heterotopia, one with bilateral perisylvian polymicrogyria, one with double cortex, one with a fronto-temporal focus, and one with a focal cortical dysplasia in the right precuneus. The sample of patients is heterogenous epileptologically, though representative of the variety of patients referred for language lateralisation in the CEP. Of the eighteen patients studied seven have had surgery since their language scans (three right and one left anterior temporal lobectomies; one right and two left parietal lesionectomies). Postoperative language assessment was qualitative. There were no language disturbances in the right sided operations and two of the left sided operations had disturbance of language functions. All participants provided written informed consent. The Austin Health Human Research Ethics Committee approved this study.

2.2. Language activation paradigms {#s0020}
----------------------------------

In an effort to sample multiple cognitive aspects of language processing, thereby recruiting multiple regions of the language network, we used three different language activation paradigms: orthographic lexical retrieval (OLR) ([@bb0435]), noun-verb generation (NV) ([@bb0435]), and pseudoword rhyming (PR). The OLR task emphasises language production and strategic search of the lexicon, the NV task emphasises semantic aspects of language processing, and the PR task emphasises grapheme-phoneme conversion and phonological analysis.

Each paradigm was block design in nature, alternating task active and baseline phases of 30s duration (OLR and NV used four active phases total, PR used five active phases total) plus an initial 30s baseline. During the active phase of the OLR paradigm a single letter is visual presented to the participant, who is instructed to silently think of words beginning with that letter. A letter is displayed continuously for 15 s, then replaced by a second letter for another 15 s. During the active phase of the NV paradigm a noun is visually presented and participants instructed to think of an associated verb ("an action or doing word"; e.g. broom → "sweep"). Nine nouns were presented in each 30 s task active phase, one every 3.3 s. During the 30s baseline phases of the OLR and NV tasks a "+" is displayed, with participants instructed to rest. In the active phases of the PR task ([@bb0330]) participants are shown two nonwords (e.g. crute and doot), presented one above the other, and instructed to decide whether they would rhyme if pronounced aloud. During baseline phases, participants are shown two patterns of forward and backslashes (e.g. "/ / \\ /" and "/ \\ \\ /") and instructed to decide whether the two patterns were identical. A new nonword/pattern pair was shown every 4.5 s, with six consecutive pairs per active/baseline phase (27 s total). The transition between active and baseline phases was indicated by a 3 s cue screen displaying the word "RHYME" or "PATTERN", respectively.

The OLR, NV, and PR paradigms were presented in separate runs. Participants were instructed to execute the tasks silently, without overt vocalisation. The ability to execute the task was assessed prior to the scan and in scanner performance confirmed by participants after the study.

2.3. Functional image acquisition {#s0025}
---------------------------------

Imaging was performed on a 3 T Siemens Trio scanner (Siemens, Erlangen, Germany) equipped with a Siemens body coil and a twelve-channel head coil. A gradient-echo, echo-planar T2\*-weighted sequence was used to acquire data sensitive to the BOLD signal (repetition time = 3000 ms; field of view = 216 mm × 216 mm; 72 × 72 imaging matrix; 44 contiguous slices). Resolution was 3 mm × 3 mm in-plane, with 3-mm thick slices in the plane 30° to the AC-PC line.

Pre-processing of fMRI data was performed using Statistical Parametric Mapping software (SPM8; Wellcome Department of Imaging Neuroscience, University College London, London, UK) and included: slice-timing correction; motion correction ([@bb0185]); nonlinear normalisation to standard space ("MNI space"; Montreal Neurological Institute, McGill University, Quebec, Canada) ([@bb0040]); re-sampling into 2 × 2 × 2 mm voxels; and spatial smoothing (Gaussian FWHM = 8 mm).

Statistical parametric maps were calculated using SPM8. The design matrix for each paradigm contained one regressor of interest, obtained by convolving the canonical HRF with a task boxcar function, and the six motion correction parameters as regressors of no interest ([@bb0190], [@bb0195]). The model included a high-pass filter with a cut-off of 128 s and pre-whitening with an AR(1) model. The contrast of interest coded task-minus-baseline.

2.4. Definition of ROIs and rationale for their selection {#s0030}
---------------------------------------------------------

We created a set of language related ROIs using the Harvard-Oxford cortical and subcortical probability atlases (HO-cpa and HO-spa, respectively) distributed with FSL ([@bb0370]), the automatic anatomical labelling (aal) tool ([@bb0400]), the anatomy toolbox available for SPM8 ([@bb0170]), and independent functional activation data acquired in our laboratory. ROIs generated from probabilistic atlases were created by binarising them at a threshold of 20%; this yielded relatively large ROIs, allowing some dispersion in functional localisation across individuals. Each ROI was also initially made symmetric about the midline by taking the union of the ROI and its left-right flipped counterpart, thereby accommodating subtle left-right differences of neuroanatomy. Left and right ROIs were then created by, respectively, zeroing those voxels located to the right or left of the midline in the binarised summed image.

We defined: an Inferior Frontal/Broca area \[IF (Broca)\] ROI using volumes 5, 6, and 41 of the HO-cpa (4808 voxels, 38.5 cm^3^, in extent bilaterally); a Middle Frontal Gyrus \[MFG\] ROI using volume 4 of the HO-cpa (7868 voxels, 62.9 cm^3^); a superior medial frontal \[SMA\] ROI using volumes 3, 26, and 28 of the HO-cpa (excluding voxels \> 14 mm from the midline; 8762 voxels, 70.1 cm^3^); a Lateral Temporal/Wernicke area \[LT (Wernicke)\] ROI using volumes 10, 12, and 13 of the HO-cpa (8296 voxels, 66.4 cm^3^); a Ventral Temporal/Visual Word Form Area \[VT (VWFA)\] ROI using volumes 15 and 38 of the HO-cpa (4072 voxels, 32.6 cm^3^); an Intraparietal Sulcus \[IPS\] ROI, obtained from a one-sample *t*-test performed on data obtained from 12 controls using an in-house block design n-back fMRI task (thresholded at p \< 0.001, retaining the cluster anchored in the IPS bilaterally); an Inferior Parietal Lobule \[IPL\] ROI using volumes 19, 20 and 21 of the HO-cpa combined with the angular gyrus as identified in the aal package (excluding voxels present in the LT (Wernicke) and IPS ROIs defined above; 9628 voxels, 77.0 cm^3^); a Thalamus and Basal Ganglia \[Thal & BG\] ROI using volumes 4, 5, 6, 7, 15, 16, 17 and 18 of the HO-spa (7936 voxels, 63.5 cm^3^); and a Cerebellum ROI using *Lobules 1-X* from the anatomy toolbox, which was then eroded to prevent overlap with the ventral temporal region (11,546 voxels, 92.4 cm^3^). We also used a Multi-lobe ROI, constructed as the union of the IF (Broca), MFG, SMA, VT (VWFA), LT (Wernicke), IPL and IPS ROIs, thus collating the presumptive cortical language ROIs into a single ROI spanning multiple lobes. ROIs are shown in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1ROIs used to evaluate regional language lateralisation. ROIs are bilaterally symmetric, but for clarity are shown here as unilateral.Fig. 1

Inclusion of ROIs covering Broca\'s area, MFG, SMA, Wernicke\'s area and the IPL was based on observation from classical aphasiology ([@bb0060]); the ventral temporal ROI on the basis of the purported role of this region in skilled reading ([@bb0150]), and the IPS, subcortical and cerebellar ROIs on the basis of our clinical experience using language fMRI.

2.5. Laterality curves and laterality indices {#s0035}
---------------------------------------------

From the SPM-*t* image for a given language task we derived a laterality curve -- a plot of laterality index (LI, described below) as a function of the number of voxels contributing to that index ([@bb0005]). The curve is obtained by thresholding the SPM-*t* image to include only the *n* most active voxels (*N*~active~) within the left and right ROIs, counting the number of suprathreshold voxels within the left and right hemisphere ROIs (*N*~left~ and *N*~right~, respectively), and calculating the LI for that particular value of *N*~active~ as (*N*~left~ − *N*~right~)/(*N*~left~ + *N*~right~). Hence, the LI quantifies, at a given threshold, the extent to which task-related activations within left-right symmetric ROIs show hemispheric bias. The LI takes values between + 1 and − 1, with a value of + 1/− 1 indicating suprathreshold voxels exclusively within the left/right hemisphere ROI; values near 0 indicate balanced numbers of suprathreshold voxels in the left and right ROIs. We calculated separate laterality curves for each individual on each task in each ROI.

For the purposes of this paper we summarised the resulting laterality curves using methods based upon those reported in [@bb0005]. We first constructed mean laterality curves and their one-sided confidence intervals, obtained as the mean absolute LI and the lower confidence interval (calculated as the mean absolute LI minus 1.65 standard deviations of the absolute LI). The active voxel range of the mean laterality curve (and its associated confidence interval) was specified according to the following constraints: (1) only t-values \> 0 are considered (i.e. activations). (2) As the number of t-values \> 0 (*N*~total~) varies across participants, we limit the upper voxel count range to ensure that an LI can be calculated for at least 90% of the control population. (3) At low values of *N*~active~ the behaviour of the LI is potentially unstable. Further, activation will likely encompass relatively extended clusters of voxels. For these reasons we imposed a minimum *N*~active~ of 125 voxels (1000 mm^3^) for calculating an LI. While there is a degree of arbitrariness to this criterion, it does serve the important purpose of excluding undue emphasis on only a small handful of voxels. (4) In order to ensure that the distribution of absolute LIs (across participants, at a given value of *N*~active~) is normal, and can therefore be accurately summarised using the standard deviation, we consider only those values of *N*~active~ for which a Jarque-Bera test on the absolute LI values is significant (Matlab\'s *jbtest* function, at alpha \< 0.001). As the Jarque-Bera test can indicate normality even when the vast majority of values in the distribution are identical (such as at low values of *N*~active~, where all but one or two participants may have an absolute LI = 1) we also required that at least 75% of participants had an absolute LI value ≤ 0.9 (see also [@bb0365] for discussion of additional issues surrounding the highly nonlinear relationship between activation asymmetries and LI for high LI values; and [@bb0240] for a related discussion on imposing constraints while estimating laterality).

In order to summarise the strength of lateralisation of a given laterality curve for a given participant, language task, and ROI we used the (raw) LI obtained at the lowest value of *N*~active~ satisfying the above constraints ([Fig. 2](#f0010){ref-type="fig"}). We refer to this lateralisation summary statistic as *LI*~*norm*~. We consider only confidence intervals and *LI*~*norm*~ as measures of lateralisation in this paper, though note that a variety of approaches to quantifying laterality have been advocated, with their relative strengths and weaknesses extensively discussed (see, for example ([@bb0240], [@bb0365])).Fig. 2Illustration of laterality curves and associated metrics. A: LI curves obtained from the IF (Broca) ROI on the PR task are shown for all 12 control participants (thin red lines), one of whom is right hemisphere dominant (negative LI values). LI curves are plotted here, and throughout, as a function of active brain volume (cm^3^, N active voxels multiplied by voxel volume). The grey shaded region at left indicates the initial portion of the curves that lies outside of the valid LI range (see [Materials and Methods](#s0010){ref-type="sec"}). The LI curve for one participant is highlighted (heavy red line) for the purposes of illustrating the LI metric used throughout this paper. B: group mean laterality curve and associated confidence interval, derived from the data shown in A.Fig. 2

Note that while we construct confidence intervals using absolute LI values, we consider individual laterality curves, and their associated *LI*~*norm*~ values, on the basis of their raw (as opposed to absolute) LI values, for which sign denotes hemisphere. In defining the normative range on the basis of *absolute* LI we are effectively treating left and right dominant laterality curves as equivalent but for a change of sign (i.e. but for reflection about the LI = 0 axis) ([@bb0255]). In this manner, right lateralised control participants contribute to the definition of the confidence interval, even though they themselves would be considered to fall outside of the so defined confidence interval.

2.6. Impact of the number of active blocks on reliability of laterality estimate {#s0040}
--------------------------------------------------------------------------------

It is known that block design tasks are optimal in terms of activation detection ([@bb0200], [@bb0270]). In our previous work we have used four blocks of a 30 s language task alternating with rest to derive lateralisation indices from activation images ([@bb0115], [@bb0130], [@bb0025], [@bb0120], [@bb0385], [@bb0005], [@bb0175], [@bb0390]). In the context of multi-region laterality assessment, using methods exploiting a range of thresholds, it is not clear whether fewer task blocks would suffice. In order to examine how laterality estimates varied with the number of active blocks collected we calculated laterality curves and laterality metrics as described above, but using different subsets of the data. Specifically, we analysed (i) the first, (ii) first and second, (iii) first to third, (iv) first to fourth, and, in the case of the Pseudoword task (v) first to fifth task active epochs (and their temporally adjacent baseline periods). These correspond to 90s, 150 s, 210 s, 270 s, and 300 s of data collection, respectively.

3. Results {#s0045}
==========

3.1. Individual laterality curves {#s0050}
---------------------------------

[Fig. 2](#f0010){ref-type="fig"}A illustrates the basic lateralisation method used here. It shows laterality curves obtained within the IF (Broca) ROI on the PR task for all 12 control participants. All curves necessarily begin at an LI of 1 (left lateralised) or − 1 (right lateralised), then smoothly approach an LI of 0 (bilaterality) as the active volume (the number of voxels included in the calculation) increases. The LI curve for one participant remains negative across its full range, indicating right lateralisation. [Fig. 2](#f0010){ref-type="fig"}B shows the mean laterality curve derived from the data in [Fig. 2](#f0010){ref-type="fig"}A, and its associated 95% confidence interval (see [Methods](#s0010){ref-type="sec"} for details).

3.2. Control data: laterality varies with ROI and task {#s0055}
------------------------------------------------------

Laterality within each ROI on each of the language tasks is summarised across the 12 control participants in [Fig. 3](#f0015){ref-type="fig"}. Each column summarises data from a single ROI. The top row plots mean laterality curves and their one-sided 95% confidence interval. Underneath these are shown boxplots of *LI*~*norm*~, for which increasingly positive/negative values indicate increasing left/right dominance. The boxplots therefore capture whether individual LI curves are lateralised to the left or the right hemisphere.Fig. 3Summary of regional language lateralisation in control participants across the eight ROIs using the three language tasks. A, mean laterality curves (solid lines) and their associated 95% confidence intervals (dashed lines, plotted as mean minus 1.65 standard deviations). The different language tasks can give rise to different valid LI ranges, resulting in curves of different lengths within a given ROI. Note that ROIs differ in volume. B, boxplots of LInorm (increasingly positive/negative indicates increasingly left/right lateralised). Within each "box" the central line indicates the median value, the edges indicate the 25th and 75th percentiles, and the whiskers extend to the most extreme data points not considered outliers (which are plotted as crosses).Fig. 3

There is strong and consistent lateralisation across tasks within our published Multi-lobe ROI and the IF (Broca) and MFG ROIs (second and third columns of [Fig. 3](#f0015){ref-type="fig"}). Within the IF (Broca) ROI, the mean LI curves for each language task remain above an LI of 0.4 across their full extent, and their associated confidence intervals remain clear of abs(LI) = 0. Similarly, the boxplots of *LI*~*norm*~ indicate strong lateralisation on all tasks.

The fusiform gyrus is implicated in graphemic analysis. Within the VT (VWFA) ROI all three tasks produced, on average, reasonably strong lateralisation. The tasks, however, differed in the consistency of that lateralisation across participants. The PR task, which draws most heavily on grapheme-phone conversion, showed strong lateralisation across control participants. The OLR and NV tasks, however, were associated with considerable spread: the 95% confidence interval for the mean laterality curve, and the observed ranges of *LI*~*norm*~, encompassed values of zero, indicating bilaterality in some participants.

A similar pattern was produced within the LT (Wernicke) ROI. Again, the PR task was the most consistently lateralising, as assessed by the confidence interval of the mean laterality curve, or the boxplot of *LI*~*norm*~. The PR task is the task that makes the heaviest demands on phonemic processing. Interestingly, the boxplot of *LI*~*norm*~ for the PR task indicates that two participants are right lateralised within the LT (Wernicke) region (compared with only one in the more anterior ROIs) -- a point we return to below.

Within the IPL and IPS ROIs lateralisation was generally strong (averaged across participants) across all tasks, however the associated confidence intervals tended to be relatively broad. Among these ROIs, the confidence interval was tightest for the IPS when using the PR task (and to a lesser extent on the OLR task). The confidence intervals for all tasks in the IPL ROI are close to zero (\< 0.2) across the full extent of the curves.

The Cerebellum, the Thalamus and Basal Ganglia, and the SMA ROIs are notable for rapid convergence towards bilaterality and confidence intervals that quickly encompasses an LI of 0. These data indicate that while an LI curve for a given individual can be lateralising within these ROIs, there are a number of individuals for whom the LI curve rapidly converges to 0. Note that lateralisation within the Cerebellar ROI is generally crossed with respect to the other ROIs (compare boxplots in [Fig. 3](#f0015){ref-type="fig"}B), especially on the OLR task (which produced the most consistent cerebellar lateralisation among the tasks used here). This likely reflects the decussation of cerebrocerebellar connections.

Overall, the data of [Fig. 3](#f0015){ref-type="fig"} indicate that lateralisation varies across ROIs and tasks. Across ROIs, the PR task provides the most consistent indication of lateralisation of the tasks in this sample. All tasks lateralise in the IF (Broca) and MFG ROIs. At the group level, the PR task also consistently reveals hemispheric dominance in the VT (VWFA), LT (Wernicke), and IPS ROIs. Lateralisation is less consistent in the IPL, Cerebellum, Thalamus & Basal Ganglia, and SMA ROIs.

3.3. Anterior (Broca) and posterior (Wernicke) laterality can dissociate in controls {#s0060}
------------------------------------------------------------------------------------

Our random sample of controls were all right handed and free from language or intellectual difficulties. Eleven of these 12 controls could be characterised as having a 'dominant hemisphere' (in the sense of having similarly signed LI~norm~ values across cortical ROIs) but one showed dissociation of laterality with left dominance in the IF (Broca) ROI, and right dominance in the LT (Wernicke) ROI ([Fig. 4](#f0020){ref-type="fig"}). This indicates that anterior and posterior language areas can be strongly lateralised to opposite hemispheres even in the healthy control brain (see also [@bb0065]). Such information is lost however if one considers only the Multi-lobe LI estimate in this individual (0.14, suggesting bilaterality throughout the language system).Fig. 4Control participant with mixed lateralisation. This individual shows left dominance within the IF (Broca) ROI and right dominance in the LT (Wernicke) ROI. Left panels show surface overlays of activation on the PR task, displayed on the default SPM surface render. Yellow shows outline of the IF (Broca) ROI; green shows outline of the LT (Wernicke) ROI. Right panels show the laterality curves in these ROIs for this individual (heavy red curve), along with those of the remaining participants (thin red curves). Conventions otherwise the same as in [Fig. 3](#f0015){ref-type="fig"}.Fig. 4

3.4. Atypical language activation is common in the lateral temporal region in focal epilepsy patients {#s0065}
-----------------------------------------------------------------------------------------------------

So far we have presented data only in Controls. One of the main aims for this paper is to highlight the importance of considering regional variation of lateralisation in patients being considered for neurosurgery. To this end, [Fig. 5](#f0025){ref-type="fig"}A shows laterality curves for the PR task obtained in a consecutive series of 18 focal epilepsy patients scanned as part of the clinical evaluation of their suitability for neurosurgery (see [Methods](#s0010){ref-type="sec"}). The sample is epileptologically heterogeneous; we collect them here to illustrate the range of patterns observed in a typical sample of patients referred for language fMRI in the context of presurgical planning. The data show that while the majority of focal epilepsy patients have LI curves that fall within the normal range (the 95% CI of controls), clear departures from normality are observed in each ROI. Departures from normality are most common in the LT (Wernicke) ROI ([Fig. 5](#f0025){ref-type="fig"}A, column 5), where \~ 50% of patients show bilateral or right lateralisation (see histograms of LI~norm~ in patients and controls, [Fig. 5](#f0025){ref-type="fig"}B). Were a global laterality index to be calculated ([Fig. 5](#f0025){ref-type="fig"}A, column 1) many of these abnormal lateral temporal lateralisation patterns would be overlooked; only one of 18 cases appears unequivocally abnormal in the Multi-lobe ROI ([Fig. 5](#f0025){ref-type="fig"}B, column 1), compared with nine of 18 cases for the LT (Wernicke) ROI ([Fig. 5](#f0025){ref-type="fig"}B, column 5).Fig. 5Laterality curves across ROIs for the PR task in focal epilepsy cases. A: Laterality curves obtained from all 18 focal epilepsy patients (red curves) in the Multi-lobe, IF (Broca), MFG, VT (VWFA), LT (Wernicke), and IPS ROIs; these are the ROIs that showed the most consistent lateralisation in controls. Grey shaded areas show regions falling outside of the 95% confidence interval defined in controls (as in [Fig. 3](#f0015){ref-type="fig"}). Atypical lateralisation is therefore shown by curves falling outside the white area in each of the graphs. Atypical laterality is most common in the LT (Wernicke) ROI, as shown in the histograms (B) of LInorm obtained in focal epilepsy patients and controls using the PR task.Fig. 5

3.5. How much data is required to characterise language lateralisation? {#s0070}
-----------------------------------------------------------------------

While not a principal aim of this study, our data afforded us the opportunity to examine the effect of task duration on laterality estimates in different regions of the language network. [Fig. 6](#f0030){ref-type="fig"} shows mean laterality curves and their associated 95% confidence intervals as increasing amounts of data contribute to the analysis. Curves are shown only for the PR task (the most consistently lateralising task used here), and only in those ROIs in which consistent lateralisation was observed across control participants (the IF (Broca), MFG, VT (VWFA), LT (Wernicke), and IPS ROIs).Fig. 6Effect of task duration on language lateralisation. Laterality curves (solid lines) and their associated confidence intervals (dotted lines) within a subset of ROIs (represented by background frame colour - see legend and images), plotted as a function of the amount of data (coloured lines) included in the analysis. Only data from the PR task is shown. Data for the IF (Broca), MFG, VT (VWFA), LT (Wernicke), and IPS ROIs are shown. Top row: controls; middle row: patients; bottom row: key.Fig. 6

Patterns are comparable across ROIs, and across patients and controls. In all ROIs both the strength (displacement from LI = 0) and consistency (width of the confidence interval) of the LI curves across individuals increases as more task-active blocks are analysed. The most dramatic increase occurs in going from one task-active block (red curves, 90 s of data) to two task-active blocks (orange curves, 150 s of data), with further improvement up to four blocks of task-active data (grey curves, 270 s of data); there is little gain from inclusion of the fifth task-active block (black curves, 300 s of data). Similar results were observed for the NV and OLR tasks (not shown). Thus, for the tasks and ROIs explored here, four task-active blocks (270 s of data) appears to produce relatively strong and reliable lateralisation in controls, with the laterality curves obtained in patients stabilising (though with wider variance than in controls) over the same period of data collection.

4. Discussion {#s0075}
=============

We examined regional language lateralisation patterns on three different language fMRI tasks in a sample of healthy control participants, and a consecutive series of focal epilepsy patients. The principal observations stemming from this approach are:1.Lateralisation is not homogenous throughout the language network. As has been shown previously, this is the case in the healthy control brain ([@bb0235], [@bb0065]), and is especially so in focal epilepsy ([@bb0375], [@bb0055], [@bb0385], [@bb0415], [@bb0210], [@bb0175], [@bb0065]).2.On the basis of the width of confidence intervals, for the tasks used here regional hemispheric dominance is most consistently observed anteriorly, in the Inferior Frontal/Broca region and the middle frontal gyrus ([@bb0220]). Using the PR task -- which emphasises grapheme-phoneme conversion and phonological analysis -- regional hemispheric dominance is also apparent in the ventral occipitotemporal (encompassing the so-called "visual word form area"), Lateral Temporal/Wernicke, and intrapartietal sulcus regions.3.Within the cerebellum, subcortical (Thalamus & Basal Ganglia), and superior medial frontal (SMA) ROIs, strong language lateralisation can be observed, but is not consistently demonstrated across participants ([@bb0420], [@bb0215]).4.Even in the healthy control brain, major hubs (e.g. Wernicke and Broca areas) of the language network can be lateralised to opposite hemispheres. To our knowledge only one other such case of interhemispheric dissociation has been reported in the healthy control literature ([@bb0065]), and it is rare even in epilepsy (4 of 490 cases reported by [@bb0265]).5.Atypical regional language lateralisation, generally expressed as an increased tendency towards bilaterality, is present in between \~ 20--50% of the focal epilepsy patients in our sample, with such atypicality occurring most frequently in the lateral temporal region ([@bb0055], [@bb0175], [@bb0390]).6.At the group level, lateralisation increases, and becomes more consistent across participants, as more "active vs. rest" cycles are accumulated. For both controls and patients this improvement appears to have largely plateaued after inclusion of \~ 4 active phases (\~ 4.5 min of data).

While it has been reported previously that language laterality can vary across elements of the language network, especially in the context of neurological disease, this concept still remains poorly represented in the current literature as it relates to neurosurgical planning. In the following sections we relate our own observations to previous work. We discuss the potential bases and implications of lateralisation within the different ROIs we have considered, and highlight some of the major challenges involved in using language fMRI for prognostic purposes in individual cases being considered for neurosurgery.

4.1. Lateralisation is stronger anteriorly {#s0080}
------------------------------------------

With the language fMRI paradigms used here lateralisation among controls is strongest in the frontal convexity (the IF (Broca) and MFG ROIs), being slightly less lateralised (though still left dominant in most individuals) in temporal and parietal areas. A degree of posterior bilaterality in controls has been noted previously ([@bb0250], [@bb0235], [@bb0320]). For instance, functional imaging studies have revealed a tendency for speech processing to recruit posterior middle temporal gyrus and superior temporal sulcus bilaterally, even after subtracting out responses to non-speech sounds (reviewed in ([@bb0235])).

Considering our posterior ROIs, consistent hemispheric dominance was observed within the ventral temporal area on the PR task. In the context of epilepsy, this result is of interest given the proximity of this ROI to the mesial temporal lobe. The "visual word form area", a region showing some specialisation for grapheme processing, is located in the fusiform gyrus/occipitotemporal sulcus ([@bb0150]), just posterior and lateral to the tail of the hippocampus. It may therefore provide a useful localising role in the setting of presurgical planning for anterior temporal lobectomy in TLE. Indeed, an interesting possibility is that abnormal neural activity (epilepsy) in the affected mesial temporal region could, by virtue of proximity, give rise to altered functionality within this specialist reading system, particularly when the affected side is in the dominant hemisphere. There appears to be an elevated prevalence of reading disorders in epilepsy ([@bb0350], [@bb0110], [@bb0390]), and we have previously described a failure of language-related specialisation in the temporo-occipital region in focal epilepsy patients with reading disorders ([@bb0390]).

Within the lateral temporal ROI, there was good lateralisation in controls at relatively low active voxel counts (the most active \~ 2--4 cm^3^ worth of voxels in the ROI), particularly for the PR task. As the active volumes increases the confidence interval quickly encompasses 0 (at \> \~ 8 cm^3^), indicating bilaterality. What underlies the increasing bilaterality of the laterality curves as activation threshold decreases (i.e. as more voxels within the ROI are included in the calculation)? When we examined the SPMs for the PR task individually in our 12 controls (feature threshold, p \< 0.001; FDRc \< 0.05), 11 of 12 participants had significant clusters in the posterior temporal region. In six of these participants significant posterior temporal clusters were observed only within one hemisphere; in five participants with clusters in both hemispheres there was nonetheless hemispheric dominance when considered in terms of cluster extent and strength of activation (with geometric ratios of dominant/minor hemisphere cluster extent and strength of 2.52 and 2.08, respectively). This suggests that within the posterior temporal region, on the PR task, the rapid approach of the LI curve towards 0 reflects a relatively small area of strong lateralised activity in one hemisphere and slightly weaker activity both ipsilaterally and contralaterally within the larger ROI.

4.2. Language activation in the intraparietal sulcus, but not the inferior parietal lobule, consistently lateralises {#s0085}
--------------------------------------------------------------------------------------------------------------------

Our control data indicates that within the parietal lobe, language related activation is more consistently lateralised within the IPS than within the IPL. The relatively wide confidence intervals for the laterality curves in the IPL is perhaps surprising given the significance of the angular gyrus and supramarginal gyrus in classical aphasiology ([@bb0060]; also discussed in [@bb0080]). Random effects analyses of the different language tasks used here yielded group-wise significant activation within the (left) IPS but not the IPL (not shown, though see [Fig. 1](#f0005){ref-type="fig"} in ([@bb0390]) for a comparable dataset). This may relate to the task design: the OLR and NV tasks used a passive fixation baseline which might allow semantic activity (commonly present in the IPL ([@bb0075], [@bb0320])) in task and baseline to cancel one another out. Language tasks using meaningful linguistic stimuli, when contrasted with an active baseline state, have been shown to yield reliable activation in the IPL ([@bb0080]). IPL activity is not expected in the PR task as active and baseline stimuli are matched and devoid of semantic content.

The IPS has been implicated in a variety of cognitive operations (reviewed in [@bb0145]), including (with respect to the tasks employed here) attention, eye movements, and visual processing. The lateralising value of the task related activation we observed may reflect visual attention directed towards graphemic elements, which are represented with a left hemisphere bias ([@bb0150]), during the task active periods.

4.3. Language lateralisation within the cerebellum {#s0090}
--------------------------------------------------

In our clinical practice, we often note the presence of cerebellar activation contralateral to anterior brain activation (presumably reflecting the decussation of key cerebrocerebellar connections). This pattern has also recently been noted by [@bb0215]. We examined whether cerebellar activation is consistently lateralised across controls, as a preliminary step towards determining whether it might be a useful surrogate marker of cortical lateralisation. For instance, if cerebellar lateralisation were a consistent finding across controls and patients, such lateralisation might prove a useful prognostic marker for focal cortical resections in the contralateral hemisphere, potentially providing useful information in clinical cases where cortical lateralisation is unclear. Across tasks the median laterality curve obtained from the cerebellar ROI showed moderate lateralisation in controls, especially on the OLR task, however its associated confidence interval was very broad. Thus, while language related activation within the cerebellum shows strong lateralisation in many control participants, this is not always the case (see also [@bb0420]). The cerebellum has long been recognised as having a role in articulation ([@bb0010]), which is involved (covertly) in all of the tasks used here. Non-motor cerebellar functions are also increasingly recognised, including language and executive processes ([@bb0360], [@bb0305]). Fluency, naming, and grammatical deficits have been observed in cases of cerebellar pathology (tumour, stroke, degeneration; reviewed in [@bb0305]), and previous imaging has revealed right cerebellar activation on fluency ([@bb0355]), speech comprehension ([@bb0315]), semantic ([@bb0215]) and verb generation tasks ([@bb0180]).

4.4. How much data should be collected? {#s0095}
---------------------------------------

Our data allowed us to address the question of how regional lateralisation, estimated using methods exploiting a range of thresholds, is affected by the duration of data collection. Previous theoretical work has shown that the optimum number of cycles (and subjects) in a block design experiment varies as a function of numerous factors, such as whether errors are correlated, the nature of the statistical test employed (*t* or *F*), and the ratio of within- to between-subject variance ([@bb0155], [@bb0285], [@bb0275]). Here, we have assessed this empirically. Further, laterality curves, and the LI derived from them, are aggregate (ROI-based) measures derived from the underlying activation maps, so may have a different dependence on task duration than the activation images themselves (e.g. through the averaging that is inherent to the LI calculation). Our data suggest that in both controls and patients, after 4 phases (4.5 mins of data, 90 volumes at a TR of 3 s) there is convergence of laterality curves with an approximately stable confidence interval on the group mean laterality curve. Further reductions in time may be possible by using a shorter block length (e.g. between 10 and 20 s active and rest phases) ([@bb0020], [@bb0410], [@bb0095], [@bb0225]), depending on the amplitude of activation ([@bb0290]). The data requirements inferred here are based on averages across participants for a covertly performed task. Additional factors will likely, however, also influence the duration of scanning required (or indeed whether scanning is even appropriate) in individual patients, including overall level of intellectual functioning, ability to sustain attention, reading proficiency, degree of head movement, and so forth. Such factors are, however, beyond the scope of the present study.

4.5. The contribution of task design to observed lateralisation {#s0100}
---------------------------------------------------------------

The degree of lateralisation observed in a given brain region will vary with the task used to derive that lateralisation ([Fig. 3](#f0015){ref-type="fig"}). This is most clearly illustrated in the VT (VWFA) ROI ([Fig. 3](#f0015){ref-type="fig"}), for which the PR task produced strong consistent lateralisation, whereas the OLR and NV produced weaker and more variable lateralisation. Consequently, a number of groups have advocated for the use of a battery of language tasks tapping a range of language functions ([@bb0345], [@bb0205], [@bb0395], [@bb0035], [@bb0070]), an approach that we ourselves use in standard practice. The tasks used in such a battery should be selected so as to incorporate demands across a range of language processes, ensuring that important language functions are not overlooked.

The tasks we have used all place demands on covert articulation, likely accounting for the good inferior frontal lateralisation across tasks ([@bb0140]). Graphemic and phonological analysis are most heavily recruited by the PR task, explaining its better lateralisation in ventral occipitotemporal cortex ([@bb0135]) and lateral temporal cortex ([@bb0235]), respectively. The PR task also uses an active baseline that controls for non-graphemic visual analysis (as opposed to the passive "rest" baseline used in the NV and OLR tasks), enabling (in principle, though see [@bb0190], [@bb0195]) exclusion of regions supporting basic visual and attentional processes common to the active and baseline conditions.

The tasks that we have used place minimal demands on language comprehension/perception, perhaps contributing to the weaker and less consistent lateralisation observed across tasks within our temporal ROIs. Inclusion of language task(s) that robustly recruit comprehension systems would be important for refining localisation and lateralisation within the temporal lobe, the most common target in epilepsy surgery. For instance, tasks that require processing of phrase and sentence length language input for meaning (such as sentence completion or story comprehension tasks) produce strong and extensive activation in temporal regions, extending from parietotemporal cortex to temporal pole ([@bb0045], [@bb0395], [@bb0420], [@bb0035], [@bb0085]). If presented in written form such tasks would have the added advantage of strongly recruiting the ventral temporal region.

4.6. Interhemispheric dissociation of language functions: the importance of considering regional, rather than whole brain, laterality {#s0105}
-------------------------------------------------------------------------------------------------------------------------------------

The importance of considering regional lateralisation is perhaps best illustrated by considering the mixed lateralisation case shown in [Fig. 4](#f0020){ref-type="fig"}. Deriving a *single* metric to characterise language lateralisation is clearly misleading in instances such as this. A single lateralisation value calculated across frontal and temporal regions would imply bilaterality in this case even though strong laterality is apparent in either region individually. Cases such as this highlight the potential inappropriateness of the question, "which is the dominant hemisphere?"

Such crossing of anterior (Broca) and posterior (Wernicke) language hubs is relatively uncommon in the normal population. [@bb0065] reported only 1 of the 118 healthy controls in their sample with crossed frontal and temporal laterality. Relative to healthy controls, however, mixed lateralisation (in the form of either crossed anterior and posterior language systems, or lateralisation in one region and bilaterality in another) is more common among epilepsy patients ([@bb0065]). In particular, a number of authors have noted that in focal epilepsy patients deviations from typical left-hemisphere dominance are most common in the temporoparietal region (fMRI: ([@bb0055], [@bb0175], [@bb0390])), and in speech perception/comprehension systems (WADA: ([@bb0280], [@bb0440], [@bb0100], [@bb0405], [@bb0230])), as we have observed here ([Fig. 5](#f0025){ref-type="fig"}).

While language lateralisation patterns in many neurosurgical candidates approximate that of the normal brain ([@bb0065]), and hence permit prognostic inference on the basis of typical neuroanatomical-functional patterns, there are nonetheless a non-negligible number of atypical cases for whom such inference is not straightforward. The preponderance of "typical" lateralisation patterns in patients cohorts means that in many group studies the prognostic implications for atypical cases may be "overlooked", in the sense that their statistical contribution to a group-wise result (such as a regression of lateralisation against outcome) is swamped by that of more typical cases. To state the obvious, surgery is carried out on a given individual, not the average individual, and so detection of anomalous cases -- even if only encountered rarely -- is important ([@bb0260], [@bb0050], [@bb0335]). Ideally one would like to be able to study sufficient numbers of "similarly atypical" subjects to aggregate them into their own groups for prognostic purposes. For instance, one might imagine that in patients being considered for left temporal resection the significance of the strength of lateral temporal lateralisation might vary depending on whether the inferior frontal region is left or right dominant. This ties in to broader questions, such as: Does activation in a region imply that it is necessary to support function ([@bb0325])? What is the clinical significance of activation in a region not typically activated in controls ([@bb0030]), or in abnormal/heterotopic tissue ([@bb0125])? Does bilateral language activation in a region imply redundancy such that unilateral resection is safe? Does unilateral temporal lobe language activation imply that verbal memory is ipsilateral to that activation?

Studies comparing pre-surgical regional language activation patterns, tissue resection location, and post-surgical outcomes are required in order to evaluate these issues ([@bb0070], [@bb0340]). While various methods have been advocated for determining language lateralisation from activation images (see, for instance, [@bb0425], [@bb0365], [@bb0005]), the primary methodological issue we stress here is the need to consider lateralisation regionally. In order to clarify the prognostic implications of different lateralisation patterns for different resection targets very large patient populations will have to be studied. This can only realistically be accomplished using large, multi-site data sets ([@bb0085]), ideally with a standard acquisition and regional analysis protocol.
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